High-angle-of-attack aerodynamic studies have been conducted on both the F-18 High Alpha Research Vehicle (HARV) and the X-29A aircraft. Data obtained include on-and off-surface flow visualization and static pressure measurements on the forebody. Comparisons of similar results are made between the two aircraft where possible. The forebody shapes of the two aircraft are different and the X-29A
INTRODUCTION

Personnel
at NASA are currently involved in several high-angle-of-attack research programs, either as a part of the High Alpha Technology Program (HATP) or in joint research programs with other U.S. and international government agencies. The emphasis on high-angle-of-attack research resulted from the philosophy that modern fighter aircraft should be capable of controlled flight at high angles of attack. Two of the flight research programs at the NASA Dryden Flight Research Facility utilize the F-18 High Alpha Research Vehicle (HARV) and the X-29A aircraft.
The F-18 HARV project is part of the HATP, which seeks to provide design guidelines and new concepts for vortex control on advanced, highly maneuverable aircraft at high angle of attack. The F-18 HARV serves as a validation and demonstration tool, using results from windtunnel and flight research to validate and update computational fluid dynamics (CFD) codes. The X-29A high-angle-of-attack program has been a joint program between the U.S. Air Force (Wright Laboratories and Flight Test Center), NASA, and Grumman Aircraft.
The main emphasis of the X-29A
high-angle-of-attack program has been in flight controls, handling qualities, and military utility and agility research.
Although the F-18 HARV and X-29A aircraft have been used for high-angle-of-attack research, the projects were operated from different philosophies. From the beginning of the F-18 HARV project there were plans to use flow visualization and pressure measurements to help define the aerodynamics of the aircraft at high angles of attack. Therefore, instrumentation to accomplish these objectives was incorporated early in the program and given a high priority. Conversely, on the X-29A project, flow visualization and pressure measurements were performed as part of a follow-on pro-
gram. This follow-on program was initiated because some of the X-29A high-angle-of-attack flight characteristics were quite different than predicted. _ pressuredistributionresultsarefoundin Refs.3 and 4. Resultsfromthe X-29Afollow-onprograminclude off-surfaceflow visualizationandpressuremeasurementsfor theforebodyandsurfaceflowvisualization of the wing and verticaltail.5,6 This paperwill summarize the forebody aerodynamicsresearch done onbothaircraftandcompareresultswherepossible. Leading-edge extensions (LEXs) are mounted on each side of the fuselage from the wing roots to just forward of the windscreen.
AIRCRAFT
The aircraft has twin vertical stabilizers canted out 20°from the vertical and differential allmoving horizontal tails.
The aircraft is flown in the fighter escort configuration without stores. The production LEX fences have been removed from the aircraft.
The aircraft carries no missiles and the wingtip Sidewinder missile launch racks have been replaced with special camera pods and wingtip airdata booms. 7 The flight test noseboom has been removed from the aircraft and a NASA flush airdata system 8 has been installed.
X-29A
AIRCRAFT -The X-29A aircraft ( Fig. 2(a) in. and adding a nose strake and a flight test noseboom at the apex. 9,1°The noseboom and strakes are indicated in Fig. 2(b) . (PGME), and a toluene-based red dye. This fluid was emitted slowly from five circumferential rings on the F-18 HARV forebody (Fig. 3) while the aircraft was stabilized at the flight test conditions. As the fluid flowed back along the surface, the PGME evaporated, leaving the dye to mark the surface streamlines. This technique required the pilot to stabilize at the test conditions for 75 to 90 sec while the PGME evaporated and the dye was set. The resulting dye traces were photographed on the ground postflight, allowing one test point to be obtained for each flight. Pressure measurements were made on the F-18 HARV forebody at the same five fuselage stations used for PGME visualization, forward of the canopy using rings of static pressure orifices at nondimensional length (x/_) = 0. 015, 0.038, 0.071, 0.126, and 0.190 (Fig. 3) . Details about the number of orifices in each ring can be found in Ref. 4. This reference also contains details about the discontinuities and protrusions present on the F-18 HARV forebody.
EXPERIMENTAL SETUP F-18 HARV -
X-29A AIRCRAFT
-The X-29A forebody vortices were visualized with smoke using the same method employed on the F-18 HARV. The smokegenerating system was located in the X-29A forebody. However, since space was limited only four cartridges could be carried on board. A flexible duct routed the smoke from the cartridges to a "Y" which diverted smoke to an exhaust port on each side of the aircraft (Fig. 2(b) ). All four cartridges were required for adequate smoke density, resulting in one smoke test point for each flight. The right side of the forebody was painted flat black to provide the maximum contrast between the white smoke and the background when viewed by the wingtip cameras. The camera/ocations are indicated in Fig. 2 or lack of internal access. The X-29A forebody surface was considered to be smooth and free of protuberances typically found on operational aircraft. HARV flow angle measurements were taken from the two wingtip booms. 7 Angle of attack was measured by using a vane on the right wingtip boom.
The measurement was then corrected for upwash and boom bending. Angle of sideslip was determined by averaging the left-and right-wingtip boom sideslip vane measurements corrected for angle of attack.
On the X-29A aircraft, angle of attack was a flight-critical input parameter to the triple-redundant flight-control system. Therefore, three independent angle-of-attack vanes were mounted on the noseboom. For high angles of attack, the vanes were calibrated using the aircraft inertial navigation system and meteorological analysis of rawinsonde balloon data. 16,1_ A single vane mounted on the noseboom was used to determine angle of sideslip. Pressure distributions on the forebody were obtained at angles of attack from 15.0°to 50.0°during 1-g quasi-steady-state flight conditions at nominal altitudes of 20,000 and 40,000 ft. Pressure distributions at e > 55.0°were obtained on a single flight during a pullup-pushover maneuver of which 6.5 sec were at e > 50.0°. As mentioned in the Instrumentation section, there was little lag in the pneumatic tubing between the orifice and the pressure transducer. At e < 55.0°data from this dynamic maneuver were consistent with similar data from stabilized test points on other flights. technique. 6
TEST CONDITIONS F-18 HARV -
RESULTS
F-18 HARV OFF-SURFACE
Figure10 showsthese linear approximations at anglesof attack rangingfrom e = 25.5°to 50.5°. All the slopes of these lines are similar,but the bias is not always zero at zero sideslip. When the vortex pair is shifted in one direction, for exampleto the left, there is moreattachedflow on the right side of the forebody.This wouldproducelowerpressureon the rightsidethan the left, causinga net force to the right. Conversely,when the vorticesare shifted to the right,a nose-leftforceresults. Thishypothesisis supportedby comparingthe X-29Ayawingmoment at/3 = 0°(C,_o) with the vortex angularpositionat _3= 0°as shown in Fig. 11 .
The F-18 HARVand the X-29Aaircraft havedifferentforebodyshapes.The apexof the F-18HARV forebodyhas a circular cross sectionwhich transitionsto an elliptical cross sectionwith the majoraxis alongthe vertical. The X-29Aforebodyis actuallya modifiedF-5A forebody. The cross section is also elliptical;however,the majoraxis is along the horizontal. Further aft on the forebody,this elliptical crosssectionbecomessquaredat the majoraxis.
The F-18 HARV and X-29A forebody vortices do not behavein the same manner at high angles of attack. The F-18 HARV forebodyvortices have fairlywell-definedcores,whicharchoverthe canopy and get pulled down into the LEX vortices at the higherangles of attack. The X-29A forebody vortices are more diffuse (as visualizedby the smoke generating system) with no well-defined cores visible. The X-29A vortex path is fairly straight aft of the canopy.In sideslip,the F-18 HARVwindward vortex shiftsawayfrom the surfaceand the leeward vortex shifts toward the surface and interacts with the LEX vortex. 2'3 With sideslip, the X-29A forebody vortex cores generally shift left and right as a pair and over the forebody; there are no major shifts in the position vertically.
The respective forebody cross-sectional differences between the F-18 HARV and X-29A aircraft may be a cause for the differences observed. However, the noseboom and nose boundary-layer transition on the forebody were evident at _ = 47.0° (Fig. 13) .
The effect of the boundary-layer transition is seen in the closeup view in Fig 192°. As angle of attack increases, these peaks become more negative. The pressure distributions for the three forward rows are symmetric at _ = 0°at e _ 180°up to a = 50.0° (Figs. 15(a)-(c) ).
As shown in Fig. 15(d X-29A FOREBODY PRESSURES - Figure 16 shows the X-29A forebody pressure distributions over an angle-of-attack range from 14.9°to 66.2°. A schematic of the forebody cross section is also shown.
The pressure distributions at x/_. = 0.026 ( Fig. 16(a) ) are different from those seen on the F-18 HARV (Fig. 15 ) in that the maximum suction peak is caused by the nose strake vortex rather than where the flow accelerates around the forebody. These suction peaks are at 8 = 108°and 252°and generally increase in magnitude with angle of attack. The suction peaks are symmetric up to a = 30.1°, at _ > 30.1°asymmetries develop (Fig. 16(a) ). The magnitude of the port suction peak is greater than the starboard suction peak, indicating The suction peaks caused by the nose strake vortices diminish in magnitude the farther aft the measurement location is.
The angular location of the vortex footprints is e 140°and 220°at _/t = 0.056 (Fig. 16(b) ) and 8 160°and 200°at z/t = 0.136 (Fig. 16(c) ) and 0.201 (Fig. 16(d) ). The reduction in magnitude of the peaks is caused by the vortex lifting away from the surface. The onset of asymmetries in the pressure distribution is also delayed as the measurement location moves farther aft. At x/_ = 0.056 (Fig. 16(b) ), asymmetries appear at e = 49.7°with the higher magnitudes on the port side. At _ = 66.2°, the pressure distribution is nearly symmetric again. At z/t = 0.136 (Fig. 16(c) ), the port asymmetries start at e = 54.7°and switch to starboard at e = 66.2°.
To determine if the asymmetries seen in the pressure distributions contributed to the total aircraft yawing moment at zero sideslip, the pressure distributions were integrated over the projected side area. The resultant forebody yawing moment coefficient, C,_, was plotted as a function of sideslip.
A line was faired through the data and the intercept, C,.,oj ., was determined. Figure 17 shows the total aircraft yawing moment coefficient t and the forebody yawing moment coefficient plotted as a function of angle of attack. The large right aircraft yawing moment at zero sideslip at e = 45.0°did not correlate with the forebody pressures. However, there is a good correlation between total aircraft and forebody yawing moments at (_ > 50.0°.
The forebody yawing moments at zero sideslip were broken down further by individual orifice stations to determine which regions contributed to the yawing moment. Figure 18 shows the yawing moments at # = 0°for a unit length of fuselage at each station as a function of angle of attack. The effect for the most forward row (x/t = 0.026) is small partly because of its small minor diameter (height) and partly because of the nose strake. At _ > 55.0°, the sec- were fairly well defined with distinct cores. At nonzero sideslips, the windward vortex core lifted away from the aircraft surface while the leeward vortex core was drawn into the leading-edge extension (LEX) vortex. The X-29A forebody vortices were more diffuse and nonzero sideslips tended to shift as a pair when viewed from the tail. The location of the X-29A forebody vortex cores at zero sideslip correlated well with flight-measured yawing moment asymmetries.
The nose strakes and noseboom on the X-29A forebody may be partly responsible for the diffusion of the forebody vortex cores. 
NOMENCLATURE
